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 10 
ABSTRACT 11 
Pesticides play an important role in providing high crop yields by minimizing risks associated with 12 
the occurrence of pests. Some of the sprayed product may, however, move beyond the intended 13 
target and result in drift. Modelling approaches help to understand spray drift using computer 14 
simulations. However, modelling drift from orchard spraying presents particular challenges: (1) 15 
the moving spray interacts with the canopy before reaching the drift area; (2) the vertical wind 16 
profile changes from the orchard to the neighbouring field that has a different vegetation; (3) the 17 
moving air jet from the air assistance cannot be ignored because the magnitude of the air jet 18 
velocity is typically higher than the wind velocity. As a result the modelling becomes rather 19 
complex.  20 
This work presents a three-dimensional (3D) computational fluid dynamics (CFD) model of spray 21 
drift from orchard sprayers that considers the actual tree architecture, the canopy wind flow and 22 
the moving sprayer outlet to calculate sedimenting and airborne drift; thus tackling each of the 23 
above challenges. The CFD model was validated against drift measurements from an apple orchard 24 
with different nozzles arrangements. This model was then used to evaluate the effect of drift 25 
reducing nozzles and fan speed on drift. Drift reducing nozzles reduced the drifting distance by 26 
50%, but increased near-tree ground deposition. The increase in ground deposition near the tree 27 
can be avoided (keeping the 50% reduction in the drifting distance) by combining the drift reducing 28 
nozzles with the standard ones. A reduced sprayer airflow resulted in further reduction of the 29 
percentage drift. 30 
Keywords: drift reduction, nozzle, tree model, Lagrangian model, fan speed, plant protection 31 
product  32 
 33 
1. Introduction 34 
Agrochemical sprays play a pivotal role in enhancing the productivity and quality of crops by 35 
minimizing losses. However, their benefits are not without risks. A significant portion of the 36 
sprayed material moves beyond the intended target and poses environmental, economic and health 37 
risks. These associated risks have been the subject of discussion among the scientific community 38 
for over half a century. The first comprehensive report on the physical principles and 39 
measurements of drift was published by Akesson and Yates (1964). They reported on drift 40 
damages to non-target susceptible crops from aerial applications. Since then, the focus of drift 41 
research has broadened and now includes bystander and resident exposure (Butler Ellis, Lane, 42 
O’Sullivan, Miller, Glass, 2010), surface water contamination and protection of aquatic life 43 
(FOCUS, 2007; Lee et al., 2013)  44 
According to the ISO standard (ISO 22866, 2005), spray drift is defined as the quantity of plant 45 
protection product that is carried out of the treated area by the action of air currents during the 46 
application process. The amount of pesticide drifted beyond the treated area depends on spray 47 
application technique (Duga et al., 2015a; van de Zande et al., 2008),  physiochemical properties 48 
of the sprayed material (Dorr et al., 2013; Hilz & Vermeer, 2013), canopy architecture (Duga et 49 
al., 2015a) and meteorological conditions (Arvidsson, Bergström, Kreuger, 2011; Duga et al., 50 
2015c; Duga et al., 2015b). Field tests (Nuyttens, De Schampheleire, Baetens, Sonck, 2007) and 51 
wind tunnel experiments (Nuyttens et al., 2009) are mostly used to understand the mechanisms 52 
that govern pesticide drift, characterize the effect of the different factors involved and assess drift 53 
potential (De Schampheleire, Baetens, Nuyttens, Spanoghe, 2008; Donkersley & Nuyttens, 2011; 54 
Salyani, Miller, Farooq, Sweeb, 2013). However, they both use sampling techniques and the data 55 
obtained are not time resolved, consider a limited number of points in the drift plume, are highly 56 
influenced by meteorological conditions and data collection is labour and time consuming 57 
(Gregorio et al., 2014). Light detection and ranging (LIDAR) techniques are also used to some 58 
extent to monitor the airborne spray drift from aerial and ground sprayers (Gregorio, 59 
Rocadenbosch, Sanz, Rosell-Polo, 2015; Miller, Saliyani, Hiscox, 2003; Stoughton, Miller, Yang, 60 
Ducharme, 1997). However, this technique is mostly used to study the movement and dispersion 61 
of the pesticide plumes qualitatively and it is only recently that some researchers attempted to 62 
quantify droplet concentration in spray clouds using lidar (Gregorio et al., 2014, 2015; Khot et al., 63 
2011). 64 
The high temporal and geographical variation of most of the factors that affect pesticide drift (crop 65 
characteristics, equipment design and setup, field size and slope, and number of treatments) even 66 
in the same country make it difficult to monitor drift using experiments alone. Properly validated 67 
modelling approaches allow a controlled parameter analysis of the spraying process, thus better 68 
understanding of the contribution of each parameter. Few models have been developed and 69 
validated in the past few decades to study drift from aerial and ground spray applications (Baetens 70 
et al., 2007, 2009; Egan, Bohnenblust, Goslee, Mortensen, & Tooker, 2014; Kruckeberg, Hanna, 71 
Steward, & Darr, 2012; Nsibande, Dabrowski, van der Walt, Venter, & Forbes, 2015; Teske et al., 72 
2002; Teske, Thistle, & Ice, 2003). Some of these models are empirical models developed through 73 
curve fitting (Lazzaro, Otto, Zanin, 2008; Rautman et al., 2001). The applicability of these models 74 
is limited to the site and the conditions under which the data used to develop them were collected. 75 
They are also mostly developed for a single pollution target. Holterman and van de Zande (2008, 76 
2010) developed a cascade drift model to predict the spatial and temporal distribution of pesticide 77 
drift into a network of interconnected water bodies. The model computes spray drift to multiple 78 
water bodies using a generic drift function developed by multiple linear regression of a large set 79 
of random scenarios obtained from the IDEFICS drift model (Holterman et al., 1997). The other 80 
group of models are called mechanistic models that are developed based on a set of physical 81 
equations describing a process (Baetens et al., 2007, 2009; Teske et al., 2002; Teske et al., 2003). 82 
As such, they are independent of site and the conditions under which the data used to develop them 83 
were collected. However, the applicability of mechanistic models is also limited by their 84 
complexity and high computational demand. The most advanced and widely used among these is 85 
the AGDISP® model developed by the USDA Forest Service. An additional model (AgDRIFT) 86 
was separately created (spawned from AGDISP®) under a Cooperative Research and Development 87 
Agreement between the Spray Drift Task Force and its partners, the US EPA and the USDA Forest 88 
Service. The AgDRIFT model itself consists of three application modules that may be used to 89 
estimate downwind deposition of spray drift from aerial, ground boom and orchard/vineyard air 90 
blast applications. However, the orchard/air blast module is based on empirical curve fits of data 91 
from a few orchard field trials which limits its applicability outside the experimental conditions of 92 
the data it is developed from. Hence, there is a need to develop models that could be applied 93 
irrespective of the particular spraying situation. A new integrated CFD model of orchard sprayers 94 
that incorporates the real tree architecture and a porous medium to represent the leaves and small 95 
branches was developed and validated using field experiments (Endalew et al., 2010b; Duga et al., 96 
2015b). This model takes into account the actual tree architecture, the canopy wind profile and 97 
sprayer air flow and computes the droplet trajectory from a moving sprayer using the Lagrangian 98 
particle tracking model. While it was validated using on-target and ground deposition within a 99 
single row of an orchard (Duga et al., 2015b), it currently doesn’t predict drift from orchard 100 
sprayers. The objective of this study was thus to develop and validate a CFD model to predict the 101 
sedimenting and air borne drift from orchard sprayers. The model calculation of sedimenting drift 102 
from an air assisted orchard sprayer in a typical apple orchard in Belgium was compared to field 103 
trials. This model was used to evaluate the effect of drift reducing nozzles and fan speed on spray 104 
drift. 105 
2. Materials and Methods 106 
In the following sections the model and field trials used for validation are explained. To better 107 
understand the specific application, this section starts with a description of the field experiment, 108 
including the sprayer and nozzles used and a description of the drift measurements in an apple 109 
orchard. For this application, the corresponding CFD model is then explained. If another sprayer 110 
type, nozzle or orchard system is considered, the CFD model can be easily adapted to these as 111 
explained by Duga et al. (2015).  112 
2.1. Field experiment 113 
 Sprayer design 114 
A cross-flow sprayer with PTO driven axial fans (DuoProp, BAB Bamps, Sint-Truiden, Belgium) 115 
(Figure 1) was used for both the field trial and model development. One-sided spraying (right side 116 
of the sprayer) was considered in the trial. The velocity distribution of the sprayer air-jet and the 117 
spray characteristics of the nozzles used were measured before the drift field trials and used as 118 
inputs for the CFD model. A hot wire anemometer (air velocity transducer, model 8465, TSI, 119 
Shoreview, MN, USA) was placed as close as possible to the sprayer outlet to measure the airflow. 120 
Additional measurements were performed using 3D ultrasonic sensors (model 81000, Young, 121 
Traverse City, MI, USA) placed at 0.15 m perpendicular to the outlet. The air flow measurements 122 
were taken at a horizontal interval of 0.05 m following the contour of the air outlet. Figure 1 shows 123 
the vertical profile of the measured 3D velocity components of the sprayer air-jet. Details of the 124 
air flow measurements are given in Dekeyser et al. (2013).  125 
The total air flow rate estimated using the measured air velocities and the corresponding outlet 126 
area was 50,000 (m3 h-1) and 40,000 (m3 h-1) for the high and low fan speed settings respectively. 127 
A total of eight standard Albuz ATR orange and TVI 8002 drift reducing nozzles (Saint-Gobain 128 
Solcera, Évreux, France) were fitted to one side of the sprayer using the arrangements described 129 
in the next section. These nozzles were operating at a pressure of 600 kPa producing a spray with 130 
a volume median diameter of 155.8 μm and 380 µm, respectively. The sprayer was operated at an 131 
application rate of 500 (L ha-1) and a driving speed of 1.67 (m s-1) spraying only one side of the 132 
row. 133 
 Nozzle arrangements 134 
Drift from three different nozzle arrangements was analysed using the cross-flow sprayer. The first 135 
arrangement was using the standard Albuz ATR orange hollow cone nozzles at all eight positions 136 
of the prayer which is represented here after by ATR (Figure 2a), the second arrangement was 137 
using Albuz TVI 8002 yellow drift reducing nozzles at all eight nozzle positions which is 138 
represented here after by TVI (Figure 2b) and the last arrangement was a combination of the two 139 
nozzles types (Albuz TVI 8002 yellow nozzles used at the top three positions and standard Albuz 140 
ATR orange hollow cone nozzles used at the bottom five positions) which is represented here after 141 
by (ATR+TVI) (Figure 2c).  142 
The spray characteristics of the nozzles were measured using a one-dimensional Phase Doppler 143 
Particle Analyser system (PDPA, Aerometrics) (Nuyttens, Baetens, De Schampheleire, & Sonck, 144 
2007). The measured particle size distributions of the different nozzles types were then fitted to a 145 
Rosin-Rammler distribution. However, the best Rosin-Rammler fit that was obtained for the Albuz 146 
TVI 8002 yellow drift reducing nozzles was not as good as for the standard Albuz ATR orange 147 
nozzles (Figure 2d). Hence, the measured size distributions were used in the model for both nozzles 148 
types. The Albuz TVI 8002 drift reducing nozzles used in this analysis have a 50% drift reduction 149 
according to the Belgian buffer zone regulation (Anon, 2004). 150 
 Drift measurement 151 
The field experiments were conducted in an experimental orchard in October 2013 (pcfruit, Sint-152 
Truiden, Belgium) containing three year old apple trees under classical training system. Trials 153 
were performed with the three nozzle arrangements discussed in the previous section on the cross 154 
flow sprayer. The trees in the orchard were arranged North-South with an interplant spacing of 1 155 
m. The inter-row spacing was 3.2 m. Replicate measurements were done three lines from 156 
neighbouring trees in a row. The trees used for the field trial were 2.6  0.3 m high and 1.4  0.3 157 
m wide. A measurement protocol that was prepared in accordance to the ISO standard (ISO 22866, 158 
2005) was used to measure the sedimenting drift. However, single side spraying was used on the 159 
inner side of the last row, spraying outward, for the purpose of model validation. This spraying is 160 
considered to contribute the majority of drift downwind from the orchard but it should be realised 161 
that the measurements could not be considered a full drift trial. Sprayings were carried out in three 162 
repetitions for each nozzle configuration only on the last row of trees using metal tracers Cobalt, 163 
Manganese and Magnesium at an intended concentration of 4000 ppm.  164 
After spraying, the samplers from each sampling position were collected and stored at 4 °C in dark 165 
conditions. The samplers were then washed with 0.16 N HNO3 solution to extract the concentration 166 
of the tracer. The diluted solution in the test tubes was shaken for a minute and then the samplers 167 
were removed from the solution. The amount of metal tracer collected on each sampler was 168 
analysed using a Varian SpectrAA 300 atomic absorption spectrometer (AAS) (Varian Inc., CA, 169 
USA). The spray depositions at different distance and height were calculated using the surface 170 
area of the samplers. The sedimenting drift at a given distance were then calculated as a percentage 171 
of the total amount sprayed.  172 
Campbell scientific weather station (Campbell Scientific, Utah, USA) was placed at 50 m from 173 
the sampling position to monitor wind velocity and temperature at three heights (1, 2 and 3 m), 174 
relative humidity at 2 m, and wind velocity and direction at 3.5 m. Wind speed and direction were 175 
measured at 10 m height using a 3D ultrasonic anemometer (Metek GmbH, Elmshorn, Germany), 176 
at 10 Hz. All measured meteorological data (wind velocity and direction, temperature, relative 177 
humidity) were used as inputs to the model.  178 
2.2. CFD model 179 
A CFD orchard drift model was developed based on an existing CFD model for predicting the on-180 
target spray distribution in orchards (Duga et al., 2015b). The model considers the real architecture 181 
of the trees, the canopy wind flow (including both the within-canopy wind flow and the above-182 
canopy wind flow up to 3 times the canopy height) and the moving sprayer outlet with dedicated 183 
spray nozzles. It then computes the tracks of representative droplets of the nozzle size distribution 184 
from the nozzle to the target, to non-target surfaces directly around the tree and the ones remaining 185 
in the air. This model was validated with on-tree measurements of deposition (Duga et al., 2015b). 186 
The model considered trees within the bulk of the orchard and was restricted to a small domain 187 
around a single tree and two neighbouring trees. For drift, however, a larger domain needs to be 188 
considered to predict the ground and airborne drift at larger distances behind a side row of trees. 189 
A computational domain having 40 m length and 50 m width was used in this work to represent 190 
the drift area next to the row of three orchard trees (Figure 4). The atmosphere was considered to 191 
12 m high to include the lower part of the orchard boundary layer and the maximum sampling 192 
position used during the field trials. The 3D architecture of the trees was developed from the 193 
coordinate data collected during the field trials and used in the model simulations. Details on the 194 
development of the tree architecture can be found in Endalew et al. (2011). Only the outlet of the 195 
sprayer was represented in the model using a rectangular cross-section. The measured outlet 196 
velocity profile of the sprayer was applied to this cross-section to represent the right side of half 197 
of the sprayer.  198 
The wind and the air flow from the sprayer were modelled using the unsteady Reynolds Averaged 199 
Navier-Stokes (URANS) equations and the k-ϵ turbulence model which were solved using the 200 
unstructured finite volume method in a CFD code of ANSYS-CFX (ANSYS, Inc., Canonsburg, 201 
Pennsylvania, USA). The airflow model computed the transient airflow pattern from the sprayer 202 
and its interaction with the wind and trees as the sprayer drives along the row. The effect of wind 203 
was integrated into the model using a canopy wind profile which was obtained from a series of 204 
steady RANS simulations over the computational domain to match the average measured wind 205 
velocity and direction of each trial obtained by the 3D anemometer at 10 m height above the 206 
canopy, according to the procedure explained by Endalew et al. (2009). A series of cyclic 207 
simulations were done using the measured wind speeds to determine a realistic canopy wind profile 208 
that was used in the model simulations. Each next simulation used the outlet profiles of the 209 
previous simulation as inlet boundary condition. The procedure was repeated until the difference 210 
between the inlet and outlet profiles of consecutive simulations became insignificant. A 211 
normalized root-mean-square (r.m.s) residual of less than 10-6 was used as the convergence 212 
criterion for the steady state simulations. The resulting canopy profiles were then imposed as input 213 
profiles at the boundaries of the domain depending on the wind direction. The URANS model was 214 
then solved by superimposing the outlet velocity profile of the sprayer which was defined as a 215 
moving boundary conditions at the driving speed of the orchard sprayer to the canopy wind profile. 216 
This transient airflow model used the steady canopy wind profile from the cyclic simulations as 217 
an initial condition. The turbulent boundary condition of the sprayer airflow was defined using a 218 
turbulent intensity of 30% and a length scale of 0.008 m (Delele et al., 2005). No-slip rough wall 219 
boundary conditions were used for the surfaces of the tree branches (equivalent sand grain 220 
roughness height (ks) = 0.006 m) and the bottom boundary of the domain (roughness length (y0) = 221 
0.005 m) (Endalew et al., 2009). The other boundaries were set as atmospheric pressure openings 222 
to allow movement of air into and out of the domain. The resistance and turbulence effects of the 223 
leaves were modelled using closure models applied in the porous domain around the branches 224 
(Wilson & Shaw, 1977). 225 
A Lagrangian particle tracking multiphase flow model was used to calculate the instantaneous 226 
position of the spray droplets in the turbulent airflow field around the trees and in the drift zone 227 
behind the trees (Delele et al., 2007). The model uses the measured nozzle and spray parameters  228 
(spray angle, liquid flow rate and pressure, nozzle size, droplet size distribution) to track the 229 
droplets. The accuracy of a Lagrangian particle tracking  model highly depends on the number of 230 
particles injected (Graham & Moyeed, 2002). In this work, 3000 particles were injected per 231 
timestep based on the sensitivity study of Delele et al. (2007). The deposition of droplets on the 232 
leaves was modelled using a stochastic deposition model which is a function of the optical porosity 233 
of the trees (Endalew et al., 2010a). This model calculates the amount of droplets captured by the 234 
porous domain using the vertical profile of the optical porosity. The vertical profile of optical 235 
porosity was calculated from the leaf area density and width of the tree (Raupach, Woods, Dorr, 236 
Leys, Cleugh, 2001). The computational domain was discretized using an unstructured tetrahedral 237 
mesh combined with prismatic layers near the ground. The initial mesh size and the smallest mesh 238 
size near the surface of the tree branches were selected based on the required minimum 239 
dimensionless distance from the wall (y+) for the turbulent wall functions to be valid (Kuzmin, 240 
Mierka, Turek, 2007). This resulted in a total of 11 839 661 elements and 2 184 962 nodes to 241 
simulate the cross-flow sprayer for the different settings. The calculations took a total CPU time 242 
of 83 hours using three computing nodes on a KU Leuven HPC Linux cluster each having 64 GB 243 
of RAM. The model was solved for the cross-flow sprayer in an apple orchard and validated using 244 
dedicated field trials. It was then used to compare spray drift from the three nozzle arrangements 245 
and two fan speeds. Simulations were done with the cross-flow sprayer using the droplet size 246 
distributions measured from the three nozzle setups. These simulations were done for the same 247 
wind condition of magnitude 3.0 (m s-1) measured at 10 m height blowing in the direction of 248 
spraying. The model can easily be adapted to other sprayer types and training systems (Duga et 249 
al., 2015b). 250 
The prediction error of the model was analysed using the Root-Mean-Squared-Error (RMSE). The 251 
RMSE was estimated using the relation RMSE =  2
1
1
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  where Xe,i is the measured 252 
value and Xm,i is the model prediction at position i. The normalized RMSE values which were 253 
calculated using the range of the measurements (the maximum minus minimum values) were then 254 
used to assess the prediction accuracy of the model. 255 
3. Results 256 
3.1. Validation of the simulated drift curves 257 
The drift curves were validated for three different nozzle arrangements (ATR, TVI, ATR+TVI) 258 
fitted to the cross-flow sprayer. A 3.0 to 3.9 (m s-1) magnitude wind was blowing from north-east 259 
when the drift measurements were done using ATR nozzles (Figure 5a). The magnitude of the 260 
wind registered during the experiment with the TVI nozzles was relatively more variable and 261 
ranged from 1.0 to 4.6 (m s-1) (Figure 5b). This wind was originally blowing from north-east and 262 
later shifted to an easterly wind. The wind registered during the experiment with the ATR+TVI 263 
nozzles had a magnitude ranging from 1.6 to 3.9 (m s-1). This wind was also originally blowing 264 
from north-east and later changed direction to an easterly wind (Figure 5c).  265 
Figures 6a-c show a comparison of the experimental measurements and model predictions for these 266 
three nozzle arrangements. The black and red lines in these plots represent the measured values 267 
and model predictions, respectively. As can be seen from the sedimenting drift qualitative plots in 268 
Figure 6, the model results are in a good agreement with the experimentally determined drift 269 
values. The model in general predicted the trend of the drift curves very well with some differences 270 
in the degree of agreement among the three nozzle arrangements. The model had a prediction error 271 
of 26%, 23% and 32% for the three nozzle arrangements: ATR, TVI and ATR+TVI, respectively. 272 
This prediction error is attributed to the temporal variations in wind conditions, the effect of branch 273 
movement and droplet evaporation which are not considered in the model. As can be seen from 274 
the wind rose plot in Figure 5, there was a difference in the dynamics of the wind even among the 275 
field trials for the three nozzle arrangements. The wind registered when the field trials were 276 
conducted using the TVI drift reducing nozzles and the ATR+TVI nozzles (Figure 5b and 5c) was 277 
relatively more variable both in magnitude and direction than the wind registered during the trial 278 
with the ATR nozzles (Figure 5a). However, the prediction error of the model for the field trial 279 
with ATR nozzles is higher than the one with TVI nozzles. This could be mainly because of the 280 
difference in the droplet size distribution generated by these two nozzle types as well as the factors 281 
given above. The Albuz ATR orange nozzles generated higher percentage of smaller sized droplets 282 
than the Albuz TVI yellow nozzles. These small droplets tended to stay much longer in the air and 283 
were more susceptible to dynamic wind effects than the mainly coarse droplets from the Albuz 284 
TVI nozzles which fell to the ground after a relatively shorter time in air. This shows that droplet 285 
size distribution also plays a significant part in the complex interplay between spray, canopy and 286 
meteorological parameters to decide the final fate of spray droplet and  the extent of drift from 287 
orchard sprayers.  288 
3.2. Effect of nozzle arrangement on drift 289 
Figure 7 presents the droplet track plots coloured according to the droplet size for the three nozzle 290 
arrangements. This plot shows the transient position of the droplets up to 40 m behind the last row 291 
of trees. Figure 7a shows the droplet track plot obtained when ATR nozzles were used on the cross-292 
flow sprayer. As can be seen from this plot, most of the spray droplets are still airborne even after 293 
40 m behind the tree row. This can be explained by the droplet size distribution generated by the 294 
Albuz ATR orange nozzles. These nozzles are characterized by a high percentage of fine droplets 295 
as shown in Figure 2. The maximum droplet size obtained from standard Albuz ATR orange 296 
nozzles is 430 µm. These fine droplets remain suspended in air for a longer time and cause drift at 297 
larger distances.  298 
The droplet track plots obtained when TVI nozzles were used at all eight positions on the cross-299 
flow sprayer is shown in Figure 7b. It can be seen from this plot that a significant portion of the 300 
droplets have already fallen to the ground in the first 20 meters. There are relatively fewer droplets 301 
that are still airborne than when ATR nozzles were used. The mainly coarse droplets from this 302 
nozzle fall to the ground much quicker than the droplets from the standard Albuz ATR orange 303 
nozzles. 45 % of the spray droplets generated by the Albuz TVI 8002 drift reducing nozzles have 304 
a diameter greater than the maximum droplet size generated by the standard Albuz ATR orange 305 
nozzles (Figure 2). Previously, indoor trials and CFD simulations were performed using these three 306 
nozzle arrangements on the cross-flow sprayer to study the spray distribution around the tree (Duga 307 
et al., 2014). When the Albuz TVI 8002 drift reducing nozzles were used, a relatively higher 308 
proportion of droplets deposited on the ground before reaching the canopy than when the standard 309 
Albuz ATR orange nozzles were used. This could compromise the on-target deposition depending 310 
on the wind and canopy density. However, it has been shown for the configurations considered in 311 
this study that the two nozzle types could be used together to limit their individual disadvantages 312 
and combine the best of both worlds.  313 
Figure 7c presents the droplet track plot obtained when ATR+TVI nozzle are used. This plot shows 314 
that the droplet trajectory obtained for this set-up is an intermediate between the two nozzle types 315 
with relatively lower proportion of droplets still airborne than the standard Albuz ATR orange 316 
nozzles.  317 
Figure 8 shows contour plots of the time integrated spray deposition on the ground at different 318 
horizontal distances behind the tree row for the three nozzle arrangements obtained from the CFD 319 
simulation. As can be seen from this figure, ATR nozzles gave a ground deposition up to 40 m 320 
behind the trees (Figure 8a). This ground deposition reduced to only 20 m when TVI drift reducing 321 
nozzles are used (Figure 8b). The TVI drift reducing nozzles reduced the drifting distance by half. 322 
However, these nozzles resulted in a higher deposition closer to the tree. The ATR+TVI 323 
combination gave a relatively lower ground deposition closer to the tree than the TVI nozzles but 324 
drift was detected at a farther distance (Figure 8c). It can also be seen from this figure that there is 325 
an apparent deviation of the spray path around the trees. This is due to the small number of trees 326 
considered (three trees in a row) in the model. This also contributed to the deviation between the 327 
measurement and model prediction in the first few meters behind the trees as shown in Figure 6. 328 
This could be avoided in future investigations by considering more trees on either side of the row. 329 
Figure 9 quantitatively summarizes the sedimenting drift up to a distance of 40 m behind the trees 330 
for the three nozzle arrangements. The TVI nozzles gave the highest percentage drift in the first 3 331 
m behind the trees. From 3 m to 12 m, the TVI and ATR+TVI setups gave similar percentage drift 332 
which is larger than the percentage drift from the standard Albuz ATR orange nozzles. From 12 m 333 
to 40 m, the standard ATR nozzles gave the highest percentage drift. The sedimenting drift from 334 
the TVI nozzles and the ATR+TVI combination dropped to less than 1% in the first 20 m. The 335 
ATR nozzles maintained a percentage drift of close to 2% up to 40 m behind the trees. One should 336 
pay attention to the difference in the percentage drift among the different nozzle arrangements 337 
rather than the individual percentage drift values obtained for this particular situation. This analysis 338 
is done for fully-leafed trees which gave a maximum sedimenting drift of 20%. However, the 339 
sedimenting drift obtained from spraying a leafless trees could reach up to 40% (not reported). If 340 
the drift curves of the different setups are integrated from before the last tree to the 40 m point, 341 
then the ATR+TVI and TVI setups result in the same total amount of drift deposit, while the ATR 342 
setup has lower total deposition drift (approximately 16% less ). This illustrates a complete 343 
analysis of the spray patterns is necessary to correctly interpret results.        344 
3.3. Effect of fan speed on drift from three nozzle arrangements 345 
The volumetric flow rate and velocity of air assistance is an important parameter that strongly 346 
influences drift from air assisted orchard sprayers. It transports the spray droplets to the target and 347 
moves the branches and leaves to allow better coverage and penetration. However, depending on 348 
the type of the canopy and the air flow, the spray could drop before reaching the tree or be carried 349 
further behind the trees causing environmental and health risks. Unfortunately, the cross-flow 350 
sprayer used in this study and many other commercial sprayers have little means to adjust the 351 
velocity and flow rate of air to a specific canopy. In this section, the effect of two fan speeds (low 352 
and high fan speed) on drift from three different nozzle arrangements fitted to a cross flow sprayer 353 
was analysed. The sprayer produced an airflow rate of 40,000 and 50,000 m3 h-1 operating at low 354 
and high fan speeds, respectively (Dekeyser et al., 2013). This indicates that increasing fan speed 355 
does not necessarily lead to drastic increases in volume airflow rates depending on the fan 356 
characteristics. 357 
Figure 10 compares the sedimenting drift from three different nozzle arrangements fitted to the 358 
cross–flow sprayer operating at high and low fan speeds. The solid and broken lines in this plot 359 
represent the percentage drift at high and low fan speeds, respectively. As can be seen from figures 360 
10a, 10b and 10c, the reduction in fan speed in general slightly increased the sedimenting drift 361 
close to the trees and decreased the drift values further behind the tree. This is expected as the 362 
reduction in fan speed decreases the strength of the air assistance to the spray droplets causing a 363 
portion of the spray that was supposed to travel behind the tree deposit nearby. However, the 364 
reduction in the drifting distance was not significant to the specific canopy and wind condition 365 
considered in this study. The effect of a reduction in fan speed is significant when there is a strong 366 
cross flow wind blowing perpendicular to the spraying direction (Cross, Walklate, Murray, 367 
Richardson, 2003) or when the canopy is very dense. The extent of drift reduction would be much 368 
more significant when the spraying is done on very dense canopy or in the presence of strong cross 369 
flow winds blowing perpendicular to the spraying direction.  370 
4. Discussions  371 
In general, further drift reduction than that which could be obtained using drift reducing nozzles 372 
can be achieved by operating the fans at low speed as previously reported by other researchers 373 
(Balsari et al., 2014; Landers, 2011). This was also seen in the results presented above although 374 
the difference was not significant for the specific spraying conditions considered. It has also been 375 
shown that the amount of droplets which drop to the ground close to the trees when operating at 376 
low fan speed could be decreased by using a combination of the standard Albuz ATR orange 377 
nozzles and Albuz TVI 8002 yellow drift reducing nozzles rather than using only Albuz TVI 8002 378 
drift reducing nozzles. Care should however be taken when there is a strong cross flow wind 379 
blowing perpendicular to the spraying direction which makes the spray droplets highly susceptible 380 
to drift.  381 
Droplet size distribution plays a very important role in deciding both the quality of treatment  and 382 
amount of pesticide drift from air assisted orchard sprayers. The presence of a large proportion of 383 
fine droplets in the droplet size spectra increases the spray coverage at the expense of high drift. 384 
A large proportion of coarse droplets on the other hand reduces spray drift but results in poor 385 
coverage due to the tendency of coarse droplets to rebound from the leaf surface. It is possible to 386 
reduce spray drift from orchard sprayers without compromising the biological efficacy if it is 387 
possible to generate coarse droplets that have lower tendency to rebound. As suggested by previous 388 
researchers, this can be achieved by using either adjuvants (Miller, Hewitt, Bagle, 2001; Oliveira, 389 
Antuniassi, Mota, Chechetto, 2013; Salyani & Cromwell, 1993; Spanoghe, De Schampheleire, van 390 
der Meeren, Steurbaut, 2007) or air-induction (drift reducing) nozzles (Behmer, Di Prinzio, 391 
Striebeck, Magdalena, 2010; Derksen, Fox, Brazee, Krause, 2007; Mcartney & Obermiller, 2008; 392 
Wenneker, Heijne, van de Zande, 2005; Wenneker & van de Zande, 2008; Zhu, Guler, Derksen, 393 
Ozkan, 2005). However, some researchers reported no pronounced effect of adjuvants on droplet 394 
size (Fritz, Hoffmann, Bagley, 2012) and similar drift profiles by all conventional adjuvants 395 
(Butler Ellis & Tuck, 1999). The use of drift reducing nozzles to reduce spray drift by generating 396 
coarse droplets attracted the attention of many researchers due to the ballistic behaviour of the 397 
droplets. The air-filled droplets produced by these nozzles disintegrate into smaller droplets when 398 
they hit a solid surface and spread onto the target rather than bounce. Comparison of drift from 399 
drift reducing and conventional hydraulic nozzles by some researchers (Behmer et al., 2010; 400 
Wenneker et al., 2005; Zhu et al., 2005) showed a reduction in drift by drift reducing nozzles which 401 
is in line with the results obtained from this CFD analysis. Some researchers also reported that 402 
drift reducing nozzles give higher ground deposition near the orchard boundaries (Heijne, 403 
Wenneker, Van de Zande, Western, 2002; Wenneker et al., 2005; Wenneker & van de Zande, 404 
2008; Zhu et al., 2005) which again conforms with the results of the CFD simulations performed 405 
in this study.  406 
Several countries have developed their own guidelines and mitigation measures to reduce 407 
pesticides drift and most of them included the use of drift reducing nozzles as one. The Belgian 408 
Federal Public Service for Health, Food Chain Safety and Environment which is responsible for 409 
registering (licensing) pesticides for sale and use in Belgium has imposed eight drift mitigation 410 
requirements on pesticide product labels (Anon, 2004). The buffer zone requirement in this 411 
mitigation measures can be reduced using drift reducing nozzles. However, drift reducing nozzles 412 
should be used in combination with other techniques to avoid the high ground deposition near the 413 
orchard boundary which impairs the reduction in drift. Wenneker and van de Zande (2008) 414 
reported on the use of shielded sprayer to overcome the problem of high deposition near the 415 
orchard boundaries by these nozzles. In this work, the combined use of Albuz TVI drift reducing 416 
and Albuz ATR standard nozzles (top three drift reducing and bottom five Albuz ATR nozzles) 417 
on a cross-flow sprayer as a way to reduce the high ground deposition near the orchard boundaries 418 
was explored. It was interesting to see that it is possible to reduce the near orchard ground 419 
deposition while maintaining the same drift reduction as the drift reducing nozzles. In this work, 420 
simulations were performed for only one combination of nozzles and one sprayer type. It would 421 
be interesting to investigate other combinations of these two nozzle types and also other sprayer 422 
designs. The results reported in this work also showed that it is possible to reduce drift further by 423 
using the drift reducing nozzles on the cross-flow sprayer at low fan speed. The high ground 424 
deposition near the orchard boundary while operating the sprayer at low fan speed can be decreased 425 
by using a combination of drift reducing and standard Albuz ATR orange nozzles.  426 
5. Conclusions 427 
A CFD drift model of air assisted orchard spraying was successfully validated. This model was 428 
then used to study the effect of nozzle arrangement and fan speed on drift. One common downside 429 
of using drift reducing nozzles as a drift mitigation strategy is the high ground deposition observed 430 
near the orchard boundaries. This is especially important in areas where orchards are present near 431 
surface waters. This work investigated the potential of combining drift reducing and standard 432 
Albuz ATR nozzles as one drift mitigation strategy using CFD. The results of the study showed 433 
the potential of CFD modelling as a tool to investigate drift mitigation strategies. The analysis 434 
done using one combination of the two nozzle types showed that combining the standard Albuz 435 
ATR and drift reducing nozzles decreased the spray deposition close to the trees while achieving 436 
50% reduction in drift distance. The combined use of these two nozzle types requires no complex 437 
sprayer design modification, which makes it easier and cheaper to implement. The presence of the 438 
standard nozzles that the farmers are familiar with may also avoid scepticism and make it easier 439 
to convince them.    440 
The effect of high and low fan speeds on the percentage drift from three nozzle arrangements was 441 
further analysed using the CFD model. The results obtained showed that fan speed does not have 442 
a significant effect on drift for the spray conditions considered in this study. The developed model 443 
can be used to do further analysis on other mitigation strategies (more nozzle combinations and 444 
other sprayer designs). It can also be used to investigate the effect  of other parameters (e.g. 445 
different wind magnitudes and directions) on drift from air assisted  orchard sprayers.  446 
Finally, the presented model overcomes the following challenges of orchard drift modelling in a 447 
physically resolved way: 448 
(1) the moving spray interacts with the canopy before reaching the drift area: by modelling the 449 
tree architecture and leaf cover, the wind velocity changes across the tree row and droplets 450 
are captured and deviated before reaching the drift zone. 451 
(2) the vertical wind profile changes from the orchard to the neighbouring field that has a 452 
different vegetation: the airflow field is solved by means of the governing equations 453 
continuously across the trees into and over the drift zone. From a canopy profile inside the 454 
orchard, the flow develops into an atmospheric boundary profile across the neighbouring 455 
drift field with a specified roughness height of the grass field. Flow paths around the 456 
specific tree training system are resolved and affect the drift profile.   457 
(3) the moving air jet from the air assistance cannot be ignored because the magnitude of the 458 
air jet velocity is typically higher than the wind velocity: a dynamic model is implemented 459 
that resolves the moving sprayer outlet of  the orchard sprayer over the tree row. 460 
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Figure captions 655 
Figure 1 The three components of the outlet velocity of the Cross-flow sprayer (Duoprop, BAB-656 
Bamps, Sint-Truiden, Belgium) used in the analysis operating at high (a) and low fan speeds (b): 657 
U (  , horizontal perpendicular to driving direction), V (  , vertical upward) and  W (  , 658 
horizontal in the driving direction). The outlet velocities were measured at 0.15 m from the outlet 659 
area at different heights using 3D ultrasonic sensors (Dekeyser et al., 2013). 660 
 661 
Figure 2 The droplet size distributions and the corresponding Rossin-Rammler fits of the two 662 
nozzle types. The broken lines represent the measured size distributions and the solid lines 663 
represent the Rossin-Rammler fits. 664 
Figure 3 The drift sampling positions and trees used for the field trials 665 
 666 
Figure 4 The dimensions of the computational domain and the boundary conditions used in the 667 
CFD model. Wind is in the same direction as the direction of spraying. 668 
 669 
Figure 5 Wind rose plot showing the magnitude and direction of wind registered at 10m height 670 
when a field trial was conducted on an apple classical training system using the cross-flow sprayer 671 
fitted with three nozzle arrangements: (a) ATR, (b) TVI and (c) ATR+TVI  672 
 673 
Figure 6 Validation of the drift curves predicted by the CFD model for three different nozzle 674 
arrangements fitted to a cross-flow sprayer: (a) ATR, (b) TVI (c) ATR+TVI. The red lines 675 
represent the model predictions and the black lines represent the measurements (Error bars denote 676 
standard deviation). The magnitude and direction of the wind measured at 10m height is shown in 677 
Figure 5. Application rate was 500 L ha-1 and driving speed was 1.67 m s-1. 678 
 679 
Figure 7 Droplet track plots showing the droplet trajectories up to 40 m behind the last tree row 680 
for an apple classical training system sprayed with the cross-flow sprayer using three nozzle 681 
arrangements: (a) ATR, (b) TVI and (c) ATR+TVI. The tracks are shown on a plane the passes 682 
through the middle of the central tree. The track plots are coloured using the diameter of the 683 
droplets. Wind velocity was 3 m s-1 at 10 m height blowing in the direction of spraying. Application 684 
rate was 500 L ha-1 and driving speed was 1.67 m s-1. 685 
 686 
Figure 8 Contour plots showing the time-integrated spray deposition on the ground for the three 687 
nozzle arrangements fitted to a cross-flow  sprayer: (a) ATR, (b) TVI and (c) ATR+TVI. Wind 688 
velocity was 3 m s-1 measured at 10 m height blowing in the direction of spraying. Application 689 
rate was 500 L ha-1 and driving speed was 1.67 m s-1. 690 
 691 
Figure 9 The drift curves predicted by the CFD model for an apple classical training system 692 
sprayed with the cross-flow sprayer using three different nozzle arrangements: (a)  ATR, (b) 693 
 TVI and (c)  TVI+ATR. The simulations were done for the same wind velocity of 3 m 694 
s-1 measured at 10 m height blowing in the direction of spraying. Application rate was 500 L ha-1 695 
and driving speed was 1.67 m s-1. 696 
 697 
Figure 10 Effect of fan speed on the percentage drift from an apple classical training system 698 
sprayed with the cross-flow sprayer using three nozzle arrangements: (a) ATR, (b) TVI and (c) 699 
TVI+ATR. The solid and broken lines represent the percentage drift obtained at high and low fan 700 
speeds, respectively. The simulations were done for the same wind velocity of 3 m s-1 measured at 701 
10 m height blowing in the direction of spraying. Application rate was 500 L ha-1 and driving 702 
speed was 1.67 m s-1.  703 
     704 
                            705 
 706 
Figure 1 The three components of the outlet velocity of the Cross-flow sprayer (Duoprop, BAB-707 
Bamps, Sint-Truiden, Belgium) used in the analysis operating at high (a) and low fan speeds (b): 708 
U (  , horizontal perpendicular to driving direction), V (  , vertical upward) and  W (  , 709 
horizontal in the driving direction). The outlet velocities were measured at 0.15 m from the outlet 710 
area at different heights using 3D ultrasonic sensors (Dekeyser et al., 2013). 711 
 712 
Figure 2 Droplet size distributions and the corresponding Rossin-Rammler fits of two nozzle types. 713 
The broken lines represent the measured size distributions and the solid lines represent the Rossin-714 
Rammler fits. 715 
 716 
Figure 3 The drift sampling positions and trees used for the field trials 717 
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 722 
 723 
 724 
Figure 4 The dimensions of the computational domain and the boundary conditions used in the 725 
CFD model. Wind is in the same direction as the direction of spraying.  726 
 727 
 728 
 729 
Figure 5 Wind rose plot showing the magnitude and direction of wind registered at 10m height 730 
when a field trial was conducted on an apple classical training system using the cross-flow sprayer 731 
fitted with three nozzle arrangements: (a) ATR, (b) TVI and (c) ATR+TVI  732 
 733 
 734 
Figure 6 Validation of the drift curves predicted by the CFD model for three different nozzle 735 
arrangements fitted to a cross-flow sprayer: (a) ATR, (b) TVI (c) ATR+TVI. The red lines 736 
represent the model predictions and the black lines represent the measurements (Error bars denote 737 
standard deviation). The magnitude and direction of the wind measured at 10m height is shown in 738 
Figure 5. Application rate was 500 L ha-1 and driving speed was 1.67 m s-1. 739 
 740 
 741 
 742 
Figure 7 Droplet track plots showing the droplet trajectories up to 40 m behind the last tree row 743 
for an apple classical training system sprayed with the cross-flow sprayer using three nozzle 744 
arrangements: (a) ATR, (b) TVI and (c) ATR+TVI. The tracks are shown on a plane the passes 745 
through the middle of the central tree. The track plots are coloured using the diameter of the 746 
droplets. Wind velocity was 3 m s-1 at 10 m height blowing in the direction of spraying. Application 747 
rate was 500 L ha-1 and driving speed was 1.67 m s-1. 748 
 749 
 750 
 751 
Figure 8 Contour plots showing the time-integrated spray deposition on the ground for the three 752 
nozzle arrangements fitted to a cross-flow  sprayer: (a) ATR, (b) TVI and (c) ATR+TVI. Wind 753 
velocity was 3 m s-1 measured at 10 m height blowing in the direction of spraying. Application 754 
rate was 500 L ha-1 and driving speed was 1.67 m s-1. 755 
 756 
 757 
 758 
 759 
Figure 9 The drift curves predicted by the CFD model for an apple classical training system 760 
sprayed with the cross-flow sprayer using three different nozzle arrangements: (a)  ATR, (b) 761 
 TVI and (c)  TVI+ATR. The simulations were done for the same wind velocity of 3 m 762 
s-1 measured at 10 m height blowing in the direction of spraying. Application rate was 500 L ha-1 763 
and driving speed was 1.67 m s-1. 764 
 765 
Figure 10 Effect of fan speed on the percentage drift from an apple classical training system 766 
sprayed with the cross-flow sprayer using three nozzle arrangements: (a) ATR, (b) TVI and (c) 767 
TVI+ATR. The solid and broken lines represent the percentage drift obtained at high and low fan 768 
speeds, respectively. The simulations were done for the same wind velocity of 3 m s-1 measured at 769 
10 m height blowing in the direction of spraying. Application rate was 500 L ha-1 and driving 770 
speed was 1.67 m s-1. 771 
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